Klinefelter syndrome (KS) and undescended testes (UDT) are known etiologies for non-obstructive azoospermia (NOA), and coexistence of both etiologies is not uncommon. Patients with both KS and a history of UDT are therefore considered to have extremely reduced chances for paternity. We aimed to analyze the impact of previous surgically corrected unilateral or bilateral UDT on sperm retrieval rates (SRRs) by microsurgical testicular sperm extraction (mTESE) in azoospermic men with KS. Age, testicular volumes, and hypothalamo-pituitary-gonadal axis function were investigated in relation to SRRs in 29 non-mosaic KS patients (47,XXY) with a history of UDT (group 1) who underwent mTESE between 2008 and 2016 in our center and compared to the data of age-and serum testosterone-matched non-mosaic KS controls with eutopic testes at birth (group 2), and to those of 51 men with NOA and a normal male karyotype (46,XY), but previous UDT (group 3). SRRs in KS patients with surgically corrected UDT during childhood were comparable to SRRs of KS patients with eutopic testes at birth: 31% (35% in unilateral and 22% in bilateral UDT) vs. 38% (p = 0.581). SRRs and Leydig cell function in group 1 were negatively correlated with age. Significantly higher SRRs (66%) were found in euploid azoospermic men with surgically corrected UDT (p < 0.001). A history of UDT does not preclude chances for future fatherhood in young azoospermic males with KS. In one of three men with previous unilateral UDT and in one of 4-5 in those with previous bilateral UDT, spermatozoa can be harvested by mTESE during late adolescence or young adulthood for immediate or future use in assisted reproduction.
INTRODUCTION
In patients with non-obstructive azoospermia (NOA), sperm retrieval by microsurgical testicular sperm extraction (mTESE) followed by intracytoplasmic sperm injection (ICSI) represents the only well-proven possibility for fathering a child. Klinefelter syndrome (KS) and undescended testes (UDT) independently represent common causes of NOA (Franco et al., 2015) .
KS is a numerical gonosomal aberration that is characterized by a supernumerary X chromosome and is associated with azoospermia in over 90% (Selice et al., 2010) .
While the term 'cryptorchidism' refers to the absence of one or both testes from the scrotal sac, the term 'undescended testes (UDT)' indicates a failure of testicular descent to its normal scrotal position. However, in the literature, both terms are used to refer to the same pathology (Virtanen et al., 2007) .
The incidence of azoospermia in bilateral UDT is reported to range around 46%, and in patients with unilateral UDT, the reported incidence is 13% (Foresta et al., 1996; Chung & Brock, 2011) .
Undescended testes in patients with KS are not uncommon; however, reports on the true prevalence are divergent: We previously found a history of UDT in 15.5% (Rohayem et al., 2015) , comparable to Aksglaede et al. (2011) who observed an incidence of UDT in newborns of 12.6%. Other investigators observed higher incidences ranging from 23 to 55% (Lanfranco et al., 2004; Pacenza et al., 2012) . Conversely, Ferlin et al. (2008) reported that 1.3% of newborns with cryptorchidism have KS. We aimed to analyze the impact of unilateral and bilateral UDT on sperm retrieval rates (SRRs) by mTESE in azoospermic men with Klinefelter syndrome.
MATERIALS AND METHODS
This retrospective study was conducted at the Center of Reproductive Medicine and Andrology (CeRA), M€ unster, Germany. All procedures were approved by the ethics committee of M€ unster University, Germany, and the State Medical Board, and informed medical consent was obtained from patients (or parents with assent from minors).
Inclusion criteria

Patients
Non-mosaic KS patients (47,XXY) with azoospermia and a history of unilateral or bilateral UDT (group 1; n = 29), who underwent mTESE between January 2008 and December 2016, were included. All UDT patients had previously undergone successful orchiopexy with scrotal placement of the undescended testicles.
Controls
The first control group (group 2, n = 29) involved KS patients with eutopic testes at birth, who were pair-matched 1 : 1 to patients of group 1. Matching criteria were age at mTESE and pre-operative serum testosterone (T) levels.
The second control group (group 3, n = 51) comprised patients with a normal male karyotype (46,XY) with non-obstructive azoospermia (NOA) and previous unilateral or bilateral UDT, with surgical correction of testicular position. These men were older at initial presentation and had an immediate, yet at that time unfulfilled, wish for paternity.
Exclusion criteria
KS patients with mosaic forms of gonosomal aneuploidy or any other structural or numerical karyotype anomaly, with AZF microdeletions, a history of previous malignancy, previous chemo-or radiotherapy, orchitis, epididymitis, orchiectomy, the presence of clinically relevant varicocoele, or clinically impalpable testes were excluded. Patients with non-surgical correction of UDT were not included in the analysis.
Methods
The success of mTESE in terms of sperm retrieval was compared in the three groups; hormone levels, testicular volumes, and age at surgical correction of UDT were analyzed. Hormonal evaluation included pre-operative serum levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH) (prior to human chorionic gonadotropin (hCG) treatment or after cessation of any testosterone replacement for at least 6 months), serum total testosterone (T), free testosterone, and estradiol.
In addition, hormone data of a cohort of 102 unmatched nonmosaic KS patients who underwent mTESE at CeRA during the same period were analyzed.
The history of UDT was assessed, including side and method of correction and age at correction.
Serum testosterone (T) was measured by a commercial ELISA kit (DRG Instruments GmbH, Marburg, Germany) (normal adult range: ≥12 nmol/L; i.e., ≥346 ng/dL; conversion factor from ng/dL to nmol/L: 0.0347). Mean intra-assay coefficients of variation (CV) were below 2% and mean inter-assay CVs below 5%. Levels of free testosterone were calculated from levels of sex hormone-binding globulin (SHBG) and total serum testosterone according to Vermeulen et al. (1999) . Serum concentrations of SHBG, LH, FSH, and estradiol were determined using highly specific time-resolved fluoro-immunoassays (Autodelfia, Freiburg, Germany).
Semen samples were examined according to the current WHO guidelines (World Health Organization, 1999 , 2010 . Testicular volumes were measured by ultrasonography as described by Behre et al. (1989) .
Pre-operative management
We aimed to optimize pre-operative serum testosterone levels as follows: All patients with serum testosterone levels below 7.5 nmol/L were treated by subcutaneous human chorionic gonadotropin (hCG) injections 1500 IU twice weekly for 3 (À5) months prior to mTESE. The use of this protocol was based on the finding that KS men with low T levels-despite high levels of serum gonadotropins-may respond to hCG stimulation with subsequent elevation of serum T levels (Belli et al., 2016) . HCG was applied to optimize the intratesticular environment for spermatogenesis by increasing intratesticular testosterone levels during at least one spermatogenic cycle, without suppressing gonadotropin stimulation of the gonads, to improve chances for sperm retrieval (Ramasamy et al., 2009) . Any testosterone replacement therapy was withdrawn at least 6 months prior to mTESE.
Adolescent KS patients were offered mTESE after age 14.5 years, under the condition that a pubertal Tanner stage 4-5 with serum T levels in the late pubertal range had been reached for at least one year.
Microsurgical testicular sperm extraction (mTESE) was earlier described to yield best sperm retrieval rates in non-obstructive azoospermia (Schlegel et al. 1999 , Okada et al., 2002 . We performed micro-TESE in a modified technique under general anesthesia, as described previously (Rohayem et al., 2015) : A semilunar incision in the tunica albuginea parallel to the epididymis was followed by elevation of the tunica, allowing exposure of testicular parenchyma. The latter was meticulously scanned from segment to segment to identify the most prominent and dilated seminiferous tubules, using a surgical microscope (Zeiss OpmiVario, Jena, Germany) with 91.5-918.2 magnifications.
A total of 16 testicular biopsies were retrieved from both testes. A small fragment of each biopsy was separated and digested with 0.8 mg/mL collagenase enzyme (type 1A; Sigma, Taufkirchen, Germany) in order to determine whether spermatozoa were present. The remainder of the testicular samples was transferred in 1.8 mL cryotubes filled with 500 lL cryoprotectant (Sperm freeze, FertiPro N.V., Beernem, Belgium) and then frozen in the computer-driven freezer (Ice Cube 14S/M) by lowering the sample temperature over 25 min from 24 to À170°C. Immediately thereafter, the samples were stored in the gas phase of a tank filled with liquid nitrogen.
For histologic investigation, specimens from three different segments of the testes close to the mTESE areas were taken after having finished tissue selection for sperm extraction and placed in Bouin's fixative, processed, paraffin-embedded, cut as per routine procedure, and stained with hematoxylin. In each specimen, spermatogenic activity was semiquantitatively evaluated and scored according to criteria as defined by Bergmann & Kliesch (2010).
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Statistical analysis
Statistical analysis and drafting of graphs were performed using IBM SPSS (version 19) and GRAPH PAD PRISM 5.01 (Graph Pad Software Inc. LaJolla, CA, USA), respectively. Results were expressed as medians, ranges, absolute numbers, and percentages of respective cohorts. Comparison between categorical data was performed using Chi-square test. Fisher's exact test was used if cell count was <5. Test of normality (Kolmogorov-Smirnov test) was used to assess the distribution of data. Accordingly, if data were found to be not normally distributed, comparison between continuous variables was performed using Mann-Whitney test. Spearman's rank correlation coefficient was used to express correlation between continuous variables. Multivariate logistic regression model was performed to adjust for confounders of sperm retrieval rate, namely age at mTESE and at surgical correction of UDT (when comparing group 1 and group 3) and unilateral and bilateral UDT. A p value <0.05 was considered as an indicator of significance.
RESULTS
Sperm retrieval rates (SRRs) by mTESE
KS patients with a history of UDT (group 1) had SRRs similar to age-and T-matched KS patients with eutopic testes at birth (group 2): 31% vs. 38% (p = 0.581). Clinical and hormonal parameters of both groups are shown in Table 1 .
Spermatozoa were retrieved in 2/9 (22%) KS patients in the bilateral UDT subset (group 1). In these two patients, spermatozoa were found in one of the two testes only. In the unilateral UDT subset of the same group, spermatozoa were harvested in 7/20 (35%) patients, from both testesicles in four and from one testicle in three patients (in one from the previously undescended testicle only, and in two from the eutopic testicle only).
In KS (group 2) patients with successful sperm retrieval (n = 11), spermatozoa were found in both testes in 7/11 (64%) patients and in one testis only in 4/11 (36%) patients.
KS patients with a history of UDT (group 1) had lower SRRs than men with a normal karyotype and a history of UDT (group 3) after adjustment for age at mTESE, type (unilateral or bilateral), and age at orchiopexy: 31% vs. 66%, odds ratio (OR) = À2.9, 95% CI = 0.01-0.29, p < 0.001.
KS patients with unilateral UDT (group 1) had lower SRR compared with control men with unilateral UDT (group 3): 7/20 (35%) vs. 18/21 (86%), p = 0.001.
In euploid control men (group 3) with unilateral UDT (group 3), spermatozoa were retrieved from both testes of eleven patients (61%), from the previously undescended testicle only in one patient (6%) and in the eutopic testicle only in six patients (33%).
In euploid patients with bilateral UDT (group 3) the SRR was 16/30 (53%); (p = 0.139). In those with successful SRR, spermatozoa were retrieved from both testes in 12/16 (75%) patients and from one testicle only in four (25%) patients.
Comparisons between group 1 and group 3 with regard to testicular volumes, hormonal parameters, and SRRs are shown in Table 2 .
SRRs did not significantly differ between the unilateral and bilateral KS UDT subgroups (group 1):7/20 (35%) vs. 2/9 (22%), p = 0.491.
Euploid control men with previous unilateral UDT (group 3) had higher SRRs than those with bilateral UDT: 18/21 (85.7%) vs. 16/30 (53.3%), p = 0.016.
Histological evaluation
The typical histological pattern of KS testicles involves hyalinization and atrophy of the seminiferous tubules, as well as Pre-operative serum levels (after hCG treatment for patients with T < 7.5 nmol/L).
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Leydig cell hyperplasia. These findings were observed invariably in all testicular samples of young KS men with previous UDT (group 1) and without previous UDT (group 2). Late elongated spermatids were occasionally observed in the specimens of 4/29 (14%) (group 1) KS UDT patients and in 7/29 (24%) (group 2) KS patients.
In the bilateral UDT subset of euploid control men with UDT (group 3), we observed bilateral maturation arrest in 14/30 (47%), bilateral SCO in 2/30 (7%), bilateral hypospermatogenesis in 8/30 (27%) men, unilateral hypospermatogenesis with contralateral maturation arrest in 4/30 (13%), and unilateral hypospermatogenesis with contralateral Sertoli cell only (SCO) in 2/30 (7%).
Histological evaluation of the ipsilateral testicle in the unilateral euploid control UDT subset (group 3) showed hypospermatogenesis in 7/21 (33%), maturation arrest in 9/21 (43%), and SCO in 5/21 (24%) of specimens. The contralateral testis of this subset showed hypospermatogenesis in 9/21 (43%), maturation arrest in 8/21 (38%), and SCO in 4/21 (19%) of specimens.
Bergmann-Kliesch score
In KS patients with previous UDT (group 1), the BergmannKliesch score was 0 (indicating that 0% of seminiferous tubules contained late spermatids) in 25/29 (86%) patients. In three patients with unilateral UDT and one patient with bilateral UDT) the score was <1, which indicates that < 10% of seminiferous tubules displayed late spermatids.
In control KS patients (group 2) the score was 0 in 21/29 (72%) and <1 in 8/29 (28%).
In euploid control men with UDT (group 3), 24/51 (47%) had a score of 0; 19/51 (37%) had a score between 0 and 5 (indicating that < 50% of seminiferous tubules displayed late spermatids); while 8/51 (16%) had a score of 5 or more in one or both testes.
Influence of age at mTESE and age at surgical correction of UDT on SRR in KS patients with previous UDT
The median age of KS patients with UDT (group 1) at mTESE with successful retrieval was 16 years (range: 14-36) vs. 29 years (range: 14-39) in those with no sperm retrieval (p = 0.044).
In control KS patients (group 2), age at mTESE was comparable in those with successful sperm retrieval In KS patients with previous UDT (group 1), sperm retrieval was successful in 4/10 (40%) in those with early surgical correction of UDT at age ≤ 2 years. Later correction of UDT was associated with successful spermatozoa in 5/19 (26.3%; p = 0.236: after adjustment for age at mTESE and unilateral/ bilateral UDT).
In control UDT men (group 3), successful sperm retrieval was reported in 6/8 (75%) with early correction of UDT (≤2 years), compared to 28/43 (65%) with later correction of UDT (p = 0.938; after adjustment for age at mTESE and unilateral/bilateral UDT).
Sperm retrieval rates in previously undescended and eutopic testicles of KS patients and euploid men
SRRs in KS undescended testicles were 7/38 (18.4%) and 24/78 (30.8%) in KS eutopic testicles (OR = À0.72, 95% CI = 0.18-1.29, p = 0.148; adjusted for age at mTESE, age at surgical correction of UDT, and unilateral/bilateral UDT).
SRRs in euploid men's undescended testicles were 40/81 (49.4%) vs. 17/21(81%) in their eutopic testicles (OR = À1.5, 95% CI = 0.07-0.73, p = 0.013; adjusted for age at mTESE, age at orchiopexy, and unilateral/bilateral UDT). Serum levels without hormonal therapy. b Pre-operative serum levels (after hCG treatment for patients with T < 7.5 nmol/L).
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Leydig cell function
Basal LH/T ratios, chosen to assess the degree of LH hypersecretion in relation to the capacity of Leydig cells to secrete testosterone, showed no difference, neither in mean ratios between Klinefelter patients with previous UDT (group 1) and those without (group 2; p = 0.608), nor in ratios of group 1 compared with those of unmatched KS patients (n = 102; p = 0.648). A correlation between age and the degree of Leydig cell exhaustion was observed in group 1, but not in the control groups 2 and 3 (Fig. 2) .
DISCUSSION
This study shows that the chances for sperm extraction by mTESE are not significantly different during adolescence and early adulthood in KS patients with surgically corrected congenital UDT, compared to KS patients with eutopic testes at birth.
This finding is surprising, as both chromosomal aneuploidy and UDT are known to compromise spermatogenesis. In line with this, SRRs of young KS patients with previous UDT were lower than those of euploid older men with previous UDT.
So far, there have only been very few studies investigating the effect of UDT on spermatogenesis in KS patients. Muller et al. (1995) reported a depletion of germ cells in testicular biopsies obtained from nine KS boys (>2 years old) with cryptorchidism. Despite the fact that germ cell depletion obviously occurs very early in life, SRRs in our cohort were 31% in non-mosaic KS patients with surgically corrected UDT (group 1), compared to 38% in age-and serum T-matched KS controls with eutopic testes since birth (group 2). Age and pre-operative serum T levels were used as matching criteria according to the findings of Okada et al. (2005) , Emre Bakircioglu et al. (2006) , Ramasamy et al. (2009), and Bakircioglu et al. (2011) , who reported a negative relationship between chances for successful testicular sperm retrieval and both of age at mTESE and pre-operative T in KS patients.
In addition, we observed that KS patients with a history of UDT and successful sperm retrieval were significantly younger than those with unsuccessful sperm retrieval.
A younger age of a KS patient at the time of TESE has been shown to positively influence sperm retrieval according to several studies (Emre Bakircioglu et al., 2006; Ferhi et al., 2009; Ramasamy et al., 2013; Madureira et al., 2014; Rohayem et al., 2015) . However, to date, there is no consensus on the optimal age for this surgical intervention in KS patients. While some groups favor an age between 15 and 30 years (Nieschlag et al., 2016) , others conclude that the age of the patient does not significantly affect SRRs (Corona et al., 2017) .
In the current study, SRRs in KS patients with bilateral UDT were lower than those with unilateral UDT, without reaching significance; however, SRRs from KS undescended testicles were significantly lower (18.4%) than from KS eutopic testicles (30.8%).
Two previous studies reported similar results in patients with azoospermia and a history of cryptorchidism, who underwent conventional TESE (Vernaeve et al., 2004; Robin et al., 2009) . The contralateral normally descended testis in unilateral UDT seems to be affected to variable degrees (Foresta et al., 1996; van Brakel et al., 2015) .
The higher SRRs of euploid men with a history of surgically corrected congenital UDT within our study may partially be explained by the presence of an obstructive component in the etiology of azoospermia in these men with the diagnosis 'NOA' (Merksz & Toth, 1987) . This can be overcome by direct testicular extraction of spermatozoa from the testicles. In contrast, KS is invariably associated with germ cell depletion with occasional focal spermatogenesis (Aksglaede & Juul, 2013) , presumably without additional obstruction. Furthermore, germ cell depletion explains the smaller testicular volume and higher gonadotropin levels in males with KS compared to euploid men with UDT ( Table 2) .
The guidelines of the German Society of Pediatric Surgery before 2009 recommend performing orchiopexy of UDT before the age of 2 years (Hensel & Wirth, 2014) . In the UDT subjects of group 1 and 3 of this study, orchiopexy by the age of 2 years was associated with slightly higher SRRs, compared to orchiopexy after the age of 2 years, without reaching significance due to the small patient numbers. While Vernaeve et al. (2004) did not detect differences in outcome related to age at orchiopexy, Raman & Schlegel (2003) also identified this parameter as a predictor for sperm retrieval in azoospermic (euploid) men with previous UDT.
Impairment of Leydig cell function is a salient feature of KS (Lanfranco et al., 2004) . The degree of Leydig cell dysfunction in KS, as indicated by LH/T ratios, was similar in the relatively young previously cryptorchid KS patients (group 1) and in their age-and T-matched KS controls with eutopic testes (group 2) and also similar in the unmatched cohort of KS patients. Leydig cell function was negatively correlated to age in group 1 but not in control groups. This indicates that the supernumerary 
66% success
Age at mTESE Figure 1 Success of sperm retrieval by mTESE in age and serum testosterone-matched azoospermic patients with Klinefelter syndrome with and without previous UDT and in azoospermic euploid men with UDT. Median values for each group are represented by a transverse line. UDT, undescended testis; KS, Klinefelter syndrome; SR, sperm retrieval; mTESE, microsurgical testicular sperm extraction. [Colour figure can be viewed at wileyonlinelibrary.com] gonosome, in concert with the effects caused by maldescent, negatively affect the endocrine function of the testes. This observation is supported by an another group (Pacenza et al., 2012) that found a negative correlation between serum testosterone levels and age in KS patients. The difference between LH/T ratios in group 1 and group 2 in our cohort was not significant, which may be attributed to the young age at performance of mTESE prior to the development of decompensated endocrine testicular failure. The extent of Leydig cell dysfunction seems to be milder in euploid patients with previous UDT in both unilateral and bilateral subsets compared to corresponding KS subsets.
In our study, only patients with palpable scrotal testes after orchiopexy (and not after hCG or LHRH analog treatment) were included, limiting the size of the cohort. However, including these patients would have been a source of bias due to non-standardized dosages and due to potential long-term negative effects of hCG treatment on fertility (Dunkel et al., 1997) .
CONCLUSION
Non-mosaic KS patients with azoospermia and a history of surgically corrected UDT have a chance for successful sperm retrieval: In one of 4-5 young men with previous bilateral UDT, spermatozoa can be harvested by mTESE, rates comparable to those of KS males with eutopic testes, but lower than those of euploid men with NOA. While the latter have higher chances for sperm retrieval if they had one eutopic testis at birth, this is not relevant for patients with KS who, independently of testicular position, experience a deterioration of spermatogenesis and Leydig cell function with age. performed mTESE operations, assessed the histology of testicular biopsies, and edited the manuscript.
